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ABSTRACT

This is the first quarterly report covering the work performed under NASA
contract NAS-9-5424 during the period from December 15, 1965 through

March 14, 1966. The objective of this program is to demonstrate a flight
type configuration of an Axially Conducting Engine (ACE) in which pyrolytic
graphite (PG) wedges, restrained by an elastic structure, form the combustion

chamber and rozzle of the engine.

During this quarter, the design of a rig engine, including thermal anc
structural analyses, was completed, and fabrication of varts for the first
engine build was initiated.
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T. INTRODUCTION

A. Program Scope and Objective

A thirteen month program is being conducted for the preliminary development
nf a segmented, axially conducting, 100 pound thrust pyrolwvtic graphite (PG)
rocket engine. The program schedule is shown in Figure 1. The _2velopment
plan includes thermal and structural analyses, design verification tescs of
two rig engines, two flight configuration engine tests for final design
demonstration, and an examination of engine compatibility with advanced pro-
pellants. The delivery of a flight configuration engine to NASA Manned

Spacecraft Center will occur at the end of the fourteenth month.

The objective of this program is to demonstrate the feasibility of the Axiaily
Concducting Engi.e (ACE) concept for reaction control engine applications.
Ultimately, the engine will te capanle of buried and/or exposed installation
on a spacecraft and will be capable of use with the fluorine family of

advanced propellants.
The design conditions for the flight type AZE engine are as follows:

Vacuum Thrust: 100 1bs with 40:1 nozzle
area ratio

Chamber Pressure: 100 -sia

Propellant Inlet Pressure: 195 + 5 psia

Fuel: Monomethylhydrazire

Oxidizer: Nitrogen Tetroxide
Oxidizer/Fuel Ratio: 1.6:1

Specific Impulse: 290 seconds when operating with

40:1 area ratio nozzle for
pulses of 1.0 second duration

or longer.
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Minimum Impulse Bit: 0.% lb-sec

Life: 1000 sec-nds total time includ-

ing a 500 second continuous run.

Weight: Not specified but all efforts
shall be made to attain a mini-

aun value.

The Curtiss-Wright designation for the engine being developed under this

contract is VLR-23.

B. Engine Concept

The axially conducting engine, Figure 2, consists of a number of pyrolytic
graphite wedges, r .Jiaily insulated, and restrained by an elastic watchband
strurnture. The face of each wedre is undercut to form a land which serves as
the ianer portion of the chamber. The vgtchband, a relatively stiff circum-
ferential spring, holds the wedge in compressive contact only along the land
surface. In addition, the watchbaud allows enough thermal growth of the
wedges (primarily ia a circumferential direction) to maintain reasonable land
stresses. The undercutting of the wedges alsc minimizes the amount of circum-

fereatial chermal growth th st be handled by the watchband structure.

A pyrolytic graphite sleeve assembly insulates the watchband from the heat
sink formed by ¢he wedges. These sleeves are split longitudinaily ianto
sec-ors to eliminate hoop restraint and assure uniform transmission of the
watchband locad co the wedges. Pyrolytic graphite insulating washers are
provided at both ends of the wedge assembly to minimize hLeat conduction into

the injector, and into the rear housing fiange.

The high thermal conductivity of the PG in the plane of the wedge is used to
.nduct heat from the inner chamber surface to the cooler portions of the

chamber. During the shut down periods following engine operation the heat is

radiated to space. An internal spray cooling concept is provided to further

extend engine c<ursbility. A portior | the fuel from the injector is
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introduced tangentially on the chamber wall adjacent to the injector. Use of
this spray results in lower chamber and throat temperatures and restri-ts

ongset of erosion.

A sixteen port swirl cup injector is used with the ACE chamber. Alternating
fuel and oxidiier ports are tangent to the swirl cup circumference, with a
nine degree cant toward the cup outlet. This swirl cup serves as a pre-mix
chamber where initial burning of the propellants takes place.

C. Summary of Program Status

AN
~

Figure 1 shows the program schedule. Phase I of the program has been com-
pleted and the layout design of the rig engine configuration is shown in
Figure 4. Hot firing tests of the rig engine will verify the design which
differs from the flight configuration in three major areas, as shown on the
preliminary layout, Figure 2:

1. The spray cooling orifices are contained in individual pintles
mounted in a separate housing ou the rig engine. This flexibility
provideé an easy means of adjusting the spray direction, penetration,
and velocity should testing indicate changes are required. 1In the
flight configuration, the spray orifices are an integral part of the

injector.

2. Because of the individual pintle arrangement in the rig engine, the
Belleville washers are relocated to the exhaust nozzle exit. This
arrangement is not used in the flight engine as it would interfere

with the nozzle extension.

3. A heavy duty rig engin~ housing is provided to mount deflection
probe instrumencation used to measure the radial deflections of the
wedge and watchband assembly during test. Space is also provided
between the rig housing and the watchband to allow for modifications
to the wedge retention loading if required.

Detailed drawings for all rig engine parts for use in fabrication have been

completed.
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Thermal and stress analyses were conducted to support the mechanical design
activitv. A thermal model for the WLR-23 rig engine was prepared and ¢om-
puter runs were made to esfablish the time-temperature history for a 500
second firing. Overall results, shown in Figure 3, indicate a pyrolytic
graphite throat temperature of 2370°F which is below the temperature at which
erosion occurs. The computed watchband temperature of 1460°F at the ead of
the run led to the selectioa of Rene' 41 as the best watchband materizl.

An important part of the thermal analysis program was to establish the heat
transfer coefficients to be used. Engine firings were made with a sixteen
port swirl cup injector similar to the on: to be used on the ACE rig engine
tests and an ins*rumented copper chamber. The temperature data from these
tests was used in a correlstion procedure to establish the heat transfer

coefficients.

The temperature profiles established during the thermal analysis were
ucilized in the structural analysis of the watchband and wedge assembly.
Restraint must be provided by the watchband to insure proper contact of the
wecge lands under all conditions, but this loading must be within the capa-
bilities of the pyrolytic graphite and the watchband material. An iteration

procedure was used to arrive at a satisfactory watchband design.

All detailed dravings for fabrication have been released and the current
status of manufacture of these parts places the initial test of the ACE rig
engine in early April 1966, somewhat ahead of schedule.

Section II of this report contains detailed discussions of the rig engine
design and analyses, results of the analyses, and descriptions of the fabri-

cation process o pertinent rig engine parts.
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II. DISCUSSION

A. Ri) cngine Design

1. Objectives

The broad ob'_ctives for the rig engine design were to:

a) Retain the basic feza’ures of the Curtiss-Wright WILR-21 configuration

and thus rely heavil” ~m our previous experience.

b) Maintain interchanger-bi.ity of the combustion chamber between the
WLR-23 rig and fligrt configurations.

The major change in the WLR-ZZ .ig engine from the WLR-21 cconfiguration was

decreasing the size from a 5.5 irnch OD to a 4.0 inch nomii :1 outside diameter
to reduce weight and envelope.

In addition, interchangeability of the rig engine and the flight engine com-
bustion chamber was provided so that :-he analytical studies, fabrication and
test experience are directly appliicable to the final design.

2. Engine Performance

The performance targets for the engine, unCer vacuum conditions, are 100
pounds of thrast at a3 wminimum specific impulse of 290 seconds assuming a
40:1 nozzle expansion ratio. Based on these requirements, the following

pertinent engine parameters, assumed and calculated, were established:

Nozzle Efficiency (CF) 98%
C* Efficiency 96%
Heat Loss to the Chamber 1.5%
Chamber Pressure 100 psia
Total Propellant Flow 0.333 1b/sec
Oxidizer/Fuel R.tio 2.0
Nozzle Throat Area 0.547 inz
Chamber Contraction Ratio 5.0:1

5
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3. Component Designs

The overall WLR-23 engine design is illustrated in Figure 4. The chamber
assembly consists of eighteen circumferentially oriented pyrolytic graphite
wedges with radial insulating sleeves restrained by an external elastic hoop,
or watchband. The assembly is supported in the heavy duty rig housing by
means of the insulating sleeve overhang and the end sealing and insulating
washers. At che injector end, this washer pilots in the pintle housing,
which in turn, is doweled to the external housing. At the nozzle, the
sealing washer pilots in the spring shoe which fits within the housing inside
diameter. An axial sealing load is applied to the end wasner faces by four
parallel Bcileville springs located at the aft end of the engine. These
springs are loaded by a shim integral with the aft flange.

The pintle housing contains sixteen individual and adjustable pintles with
spray orifices that provide fuel spray coolant on the combustion chamber to
extend engine durability. Both angular and radial pintle adjustments are
possible. Fuel is supplied to the orifices by means of a common manifold

through a single inlet fitting.

The injector is a 16-port, single plane, swirl cup mounted in the center of
the pintle housing and held in place by a clamp ring. Two internal pro-
pellant manifolds (fuel and oxidizer) are connected to the orifices by a
series of drilled passages. The orifices enter the swirl cup tangentially
with a nine degree cant toward the cup outlet. An inlet fitting close

couples each manifold to the propellant valves.

A detailed discussion of pertinent features follows.

Wedge Chamber Assembly

A sketch of the chamber internal contour is shown in Figure 5. The com-
bustion chamber size was established from in-house performance optimization
tests where various chamber lengths and contraction ratios were tested to

provide trends of size versus performance.
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Wedge depth as it affects stiffness was also considered in establishing the
internal dimensions of the engine since the watchband and insulating sleeves

occupy much of the radial depth of the chamber. Adjustment of the chamber ID

was required to provide sufficient wedge stiffness in bending.

Another advantage of the contraction ratio selected (5.0:1) is a reduced
differential tnermal expansion due to differences in diameter between the

chamber and throat sections.

The divergent portion of the wedges provides an exit cone expansion ratio of
4.5:1. The expansion ratio and cone half-angle are the same as used on the
WLR-21 engine. Several other angles were studied to obtain a contour and

divergence with no abrupt curvature change after the throat section.

The selected 4.5:1 wedge expansion ratio provides an exit diameter nearly
the same as the chamber diameter for structural reasons, minimum
external watchband coataimment load requirements, and a light weight

configuration.

Provisions for an exit cone extension could be made to the aft end of the
fiight engine to achieve the specified vacuum performance at full expansion.
The exact bellmouth contour would be established by an aerodynamic study
which is not within the scope of this program.

A CF efficiency of 0.98 was used for design calculation, which includes

nozzle contour and friction losses.

Heavy Duty Rig Housing

The rig housing is the heavy duty structure into which the thrust chamber
assembly is mounted for testing. Space is provided to supplement the
watchband restraining load on the wedge assembly with circumferential leaf

springs.

A pair of deflection probes 180 degrees apart. will be installed at each of
four locations along the chamber length. These probes measure radial growth

of the watchband and wedge assembly during test.
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Four short thermocouple wire clearance grooves are located on the inner
diameter at the back end of the housing. A fitting to measure cavity

pressure is located behind the rearmost deflection probe.
Shoe

The shoe transmits the axial Belleville spring load to the sealing washers
and the wedge assembly. It supports the aft end of the thrust chamber
assembly within the inside diameter of the heavy duty housing by means of the
pilot provisions with the rear sealing washer. A sprayed coating of Rokide 2
insulaticn on the inner conical surface shields the shoe from the exhaust gas
stream. The Belleville springs, which are housed in the shoe, are also
protected by the conical cztension on the inside diameter.

Belleville' Springs

Four stacked Belleville springs are installed at the aft end of the engine.
They are partially deflected to exert am axial load to maintain a leakproof
seal at the ends of the thrust chamber assembly. During test, the springs
will compensate for the differential theimal expansion between the chamber

assembly and the external housing.

Figure 6 shows the load-deflection and the stress-deflection curves of the
Belleville spring set. Values are plotted for conditioms at both room
temperature and 600°F (the operating range during the 500 second test run).
The dashed line drawn between these curves represents the load/stress values
at intermediate temperatures during the test. Although only moderate oper-
ating temperatures will occur, Rene 41, a nickel-base high temperature

corrosion resistant alloy is used to insure satisfactory results.

The initial preload of the springs is 2500 pounds. This is 25% higher than

the pressure area term over the inside cross-section of the housing. At the
end of 500 seconds of running, the net axial thermal growth is calculated as
.025 inches. During the 500 second run the load-deflection rate will follow
the dashed line path shown on Figure 6.
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A summary of the engine bearing stresses is presented below:

Bearing Stress - Psi

Interface t=0 t = 500 sec
Pintle Housing - Front Sealing Washer 494 563
Front Sealing Washer - Wedge Assy. 1003 1170
Wedge Assy. - Rear Sealing Washer 958 1090
Rear Sealing Washer - Shoe 590 672

-

The bearing stresses remain nearly constant because of the flat load-de-

flection characteristic of the spring.

Pintle Housing and Pintle

The pintle housing contains sixteen pintles which spray cool the combustion
chamber wall. The pintles are radielly located in the housing and connected
to a common manifold that is fed from a single external fitting.

The housing is the forward closure of the engine and supports the chamber

assembly and an end seal.

Structually, the pintle housing is treated as a solid flat plate with a
central hole. It is freely supported on the inside diameter and both fixed
and simply supported on the outside diameter. The maximum edge stresses and
deflections are increased by the reduction in cross-sectional stiffness cdue
to the pintle holes and clearance grooves. The maximum stress and deflection
occurs for the conservative case of a simply supported outside edge. The

maximum stress was calculated as 14,720 psi with a deflection of .0026 inches.

The pintle is a hcllow stepped bar with an orifice at one end and a cleaning
plug at the other. A radial feed hole below the step comnects with the
common manifold in the pintle housing. Redundant O-ring seals are provided
to prevent any external or internal propellant leakage. Indexing lines on
the outer end allows each pintle to be precisely adjusted. A shimming
arrangement provide, an exact adjustment of the radial distance of the

orifice from the chamber walil.
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Injector

Figure 7 shows the rig injector design for the WLR-23 engine. The pro-
pellants are introduced tangentially into the 16-port swirl cup where the
flow becomes rotational and mixing takes place around the wall. The cen-

trifugal force of the swirling propellant maintains a liquid film on the wall
which prevents the wall of the cup from becoming overheated. A low thermal
shape factor also contributes to the injector durability and minimizes heat

input to the valving.

The propellants enter the injector through an inlet fitting in the manifold.
Within the manifold the flow < vides in half and then branches via cross
drillings to the orifice connecting holes. The metering orifices are

tangent to the swirl cup at a 9 degree cant toward the cup outlet.

This main-

tains constant velocity and minimizes the internal losses caused by sudden

The manifolds are constructed with gradually decreasing steps.

decreases in flow volume at intersections with the branch holes.

The criteria for the design of the two injector configurations which have

been fabricated are summarized below:

ES159903N2

ES156903N1
Oxidizer Flow (Injector) lbs/sec .2050 .2050
Fuel Flow (Injector) 1lbs/sec .1025 .1025
Injector O/F 2.0 2.0
Overall Engine O/F 1LE 1.6
% Spray Cooling 23 20
spray Fuel Flow (Pintles) 1lbs/sec .023% .0255
Discharge Coefficient CD .85 .85
Oxid. Fuel Oxid. Fuel
Orifice Pressure Drop - psi 40 78 45 50
Orifice Diameter - in. .0310 .0209 .0300 .0234
Injection Velocity - ft/sec 54.5 97.7 57.8 78.3

IGHT AERONAUTICAL DIVISION * CURTISS-WRIGHT CORPORATION * WOOD-RIDGE. N.
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A summary of the internal passage flow velocities is given below:

INLET FITTING
Hole Dia - in.

Velocity - ft/sec

MANIFOLD
Flow Fraction 1/2
Passage Width - in. .25
Passage Depth - in. .116

Velocity - ft/sec

FEED HOLES TO ORIFICES
Axial Connecting
Radial Connecting (Body)

Radial Connecting (Insert)

INTERNAL FLOW VELOCITIES
16 PORT INJECTOR

OX

.156
17.5

3/8 1/4 1/8

.188 .125 .0625
.116 .116 .116

5.75

Dia - in Vel ft/sec

.086 7.0
.086 7.0
.073 9.8

FUEL

.156
17.5

1/2 3/8 1/4 1/8
.25 .188 .125 .125
.25 .25 .25 .125

2.15

Dia -~ in Vel ft/sec

.086 5.7
.086 5.7
.073 7.9

The overall response time (signal to 90% thrust) for these injectors is

estimated to be 50 milliseconds.

A summary of the response times for both injectors is shown below:

Signal to Valve Open
Injector Fill Time
Ignition Delay Time

Pressure Rise to 907 Max. Thrust

WRIGHYT AERONAUTICAL DIVISION * CURTISS-WRIGHT

TIME IN MILLISECONDS

OXIDIZER
12.0
19.0

4.0
5.0
0.0

11

FUEL
12.9
29.0
4.0
5.0

50.0
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4. Instrumentation

The instrmmentation drawing, Figure 8, indicates the location of tempera-
ture, pressure, and deflection instrumentation to be used during rig engine
testing. This instrumentation is required to monitor test progress, and to

provide data for evaluation of the design.

Thermocouples

A thermocouple in the injector will ﬁeasure the swirl cup inner wall tempera-
ture to evaluate long duration firing effects. Four thermocouples, attached
to the rig housing outside surface, are used to provide thermal corrections
of the deflecfion readings to account for housing growth. Thermocouples are
attached to two deflection probe rods in-ide the housing cavity to measure
temperature due to contact with the watchband. This temperature will be used
to correct for thermal expansion in the deflection readings. Two thermo-
couples are welded to the watchband outside diameter in the housing cavity

to monitor this temperature during the test rune for comparison with ana-

lytical heat transfer results.
Pre~sures

Pressure fittings are provided to measure static pressure at various loca-
tions in the engine. The pressure in the back wall of the injector swirl
cup and ccmbustion chamber pressure zt two locations at the lip of the swirl
cup are measured. In addition a fitting is provided in the heavy duty
housing for measuring cavity preccure. This provides an indication of the
thrust chember wedge lard seal or end seal leakage and is monitored during

test .
Deflection

Deflection probes are usad to measure the radial deﬁlection of the watchband
due to the thermal growth of the wedge assembly. The probe is a =lender

guided rod that rests on the outside diameter of the thrust chamber assembly
(watchband). An O-ring seal prevents gas leakage and a loading spring holds

it in place against gas pressure.

12

WRIGHT AERONAUTICAL DIVISION ¢ CURTISS-WRIGHT CORPORATION * WOOD-RIDGE. N. J.. U s,



Deflections are measured by translating the radial movement of the rod ‘nto
an electrical signi. wusing a Linear Variable Differential Transfourmer (LVDT)
mounted o the probe body. This electrical signal is recorded »n strip

charts and is directly proportionel to the direction and displacement of the

probe.

Eight deflection probes are arranged in pairs locuted 180 degrees apart, and
positioned axially at stations which _orrespond to the analytical sections

used in the computer program.

Each pair of readings will be a2veraged and compared with the preaicted ana-
lytical value at that section. Discrepancies are due mainly to a difference
between the predicted and analytical temperatures on the inner wall of the
thrust chamber. An iterative process is conducted in which a nozzle inmer
wall temperature is assumed as well as a thermal gradient to the measured
temperature of the watchband. The radial thermal expansion of eack ciement
is calculated, as is the radial deformation due to the ccmpressive load In
the land. These displacements are combined to give a net radial deflection.
The procedure is repeated until the calculated deflection agrces with the

measured value.

The calculation is repeated for sev-ral firing times at the ciamber and
throat probe locations and the actual inner wall temperature Jis=ribution
determined. These results are then used for correlating the heat rtvansfer

analysis, and for adjusting the retention loads, if requira-.

The effects of axial bending are not included in the iterative method. To
determine wheth2r the effects of axial bending are significant in the
correlation procedure, the ring analysis is used and results ccmpared vith

the combined ring and bending analysis.
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ITI. DISCUSSION

B. Thermal Aralysis

Tempersture profiles in the WiLR-23 rig engine configuration were calculated
at several ¢' imber locations for a 500 second firing (plus a 100 second soak
period) by means of a thermal computer program. This temperature data was
required tc¢ properly establish he mechanical and structural design of the
engine. A thermal model for the engine was constructed based on the prelimi--
nary layout, Figure 2. The film coefficients used were calculated from

data obtained during instrumented copper engine tests.

1. Method of Analysis

The analytical temperature-titx relationships for the copper engine and rig
engine were obtained using 2 Thermal Analyzer Digital Computer Program. This
program uses *he gcneral heat conduction equation and an equivalent resistance
capacitance network to ~rovide solutions for transient or steady-state
analysis of a number of materiszls having variable thermophysical properties.
The analysis considers heat transfer by conduction,; convection, and radia-
tion. Ablation, depositionr, wmass transfer, change of phase ard various
combinations of these factors with a wide variety cf boundery conditioms are

also easily hanaled.

The time-terperature data from a copper chamber hot firiag test withcut spray
cooling was used to first determine the heat flux (Q) to the inner wall and
*“12 filw coefficient (h) representing the boundary conditions of a dry wall.
The film covefficient is primarily a function of two parameters which are
normally constant during a test run: total temperature of the gas and chamber
pressure. During the initial few seconds of firing, the time-temperature
curve {slope) is almost entirely depvendent on the heat enterirg the iuner
wall. Only a negligible amount uvf heat leaves the backside of the engire
during this initial period. A thermal model was constructed, incorporating
the calculated film coefficient at sach chamber location and tha resulting

time-tewperature histories were then compared to the ta2st results.
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The same copper engite was also hot fired using propellant spray cooling on
the inner wall. The liquid on the wall is converted to vapor within a short
axial distance from the point of injection. Reference (1),p..’, presents a
method of thermal analysis which assumes the layer remains along the entire
chamber wall. This analysis, used with the WLR-21 test results, showed a close
correlatica which indicates that this coolant vapor persists t~ the throat of

the nozzle.

Using Reference (1), adiabatic wall temperatures were calculated. These
calculated temperatures were then used as the driving temperatures in a
thermal wodel with the film coefficients calculated from the dry copper engine
run, to estimate the effect (time-temperature history) of spray cooling. The
time-temperature history thus produced is compared to the spray cooled copper
ck-mber test data.

Finally, a thermal model for the ACE rig configuration was constructed using
the film coefficients from the copper engine studies. The adiabatic film
*-mperature used in the copper engine correlation was corrected for the
slightly longer axial cooling path in the ACE rig configuration. Another
refinement to the thermal model concerned the amount of physical contact
between certain components. WLR-21 engine test experience showed that the
thermal coutact between the pyrolytic graphite sleeves and the wedges plays
an important role in predicting their temperatures. The thermal contact was
found to be time dependent; as the wedge temperature rises the contact
loading increases. This factor was also considered in establishing the

WLR-23 thermal model.

2. Copper Chamber Test Configuration

A drawing of the copper chamber, rig injector, and spray pintle arrangement
is shown in Figure 9. The injector (ES156732) is heavy duty rig type
hardware developed during an in-house program and approximates the injector

configuration that will be used during the ACE rig engine testing.

The spray cooling configuration contained sixteen individual pintles equally

spaced and positioned radially about the pintle housing. The pintle
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protrusion into the chamber and angular position are adjustable. Based on
WLR-21 experience, the pintle orifice centerlire was positioned 0.025 inches
into the chamber and at an angle of 20° with respect to the engine centerline.
The spray direction was in an opposite rotational direction to that of the
propellart from the swirl cup. For test rurs where spray cooling is not
required, the pintle and housing assembly is replaced with a copper spacer of

equivalent thickness.

The copper combusticn chamber was instrumented with chromel-alumel thermo-
couples, a flush mounted high frequency Kistler pressure transducer, and a
Wianko pressure transducer for steady-state pressure measurements. Details
of the thermocouple positioning is given in Figure 10. The thermocouples
were spring loaded to insure contact throughout the firing cycle.

Design point conditions for this hardware are as follows:

Oxidizer Fuel Spray
Propellant weight flow - lbs/sec. C.205 0.1025 0.0255
Propellant orifice pressure drop - psi 35 78 52
Propellant orifice exit velocity - ft/sec 51 98 28

3. Copper Chamber Test Results and Correlation

Spray cooled and non-spray cooled hot firing engine tests were made to
provid2 data for correlating with the analytical computer program. The tests
were terminated when combustion chamber temperature reached approximately
1000°F. The effectiveness of the cooling device is indicated in Figure 1l.
The time to reack the 1000°F temperature increased by a factor of two when
spray cooling was used. The engine performance during these runs is given

in Tables I and II and indicates no change in performance between the dry and
spray cooled tests. In addition, transient pressure traces taken during the

two tests, Figures 12 and 13, indicate compa.able stability characteristics.

The temperature data for the dry run is presented in Figures 14 to 22. The
dotted line on eacn curve indicates the analytical correlation with the

assumed heat transfer coefficient (h) noted. Although the correlation at
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some locatione in the nogzle portion of the chamber {s not in complete agree-

nent, it was considerad prudent to use the higher "h" in order to achieve a

somewvhat conservative rig engine analysis. In @ similar manner the tempera-
- data for the spray cooled run {s presented in Figures 23 to 3l.

4. Results of Rig Engine Computer ‘nalysis

The results of the computer run on the WLR-23 rig engine nodel are shown in
Figores 32 through 38. Figure 3 {s a plet of the temperature at various
strategic locations in the engine versus time for a continuous firing of 500
seconds. The 500 secounds fcllowing shut down are also shown to indicate the
temperature prediction for the soak period. Throat temperature at the end of
the firing is predicted to be 2375°F. This value is substantially below the
temperature at which erosion of the PG material takes place. The maximum
wvatchband temperature during firing is 1460°F and indicates the need for a
good high temperature material. Based on this temperature prediction,

Rene' 41 material was selected for the watchband.

Figures 32 through 38 show the temperature profile at 140 locations in the
rig engire for firing times of 50, 100, 200, 290, 400 and 500 seconds cf
operation and for 100 seconds of soak. This temperature data was used for
the structural analysis of the engine to insure proper watchband restraiot
and the structural integrity of the engine materials.

Reference

1. C.F. Warner and D.L. Emmons, Effects of Selected Gas Stream Parameters
and Coolant Properties on Liquid Fi{lm Cooling - Journal of Heat Transfer
Vol. 86 Number 2, May 1964.
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II. DISCUSSION

C. Structural Analysis

Analyses were made to determine the watchband configuration and its structur-
al adequacy. Additional analyses, using the IBM 704 computer, were made to
establish the hoop and bending stress profiles for the rvrolytic graphite
wedges. Since the behavior of the watchband and vedgeﬁ'are intimately
related, their solutions must be compatihle at all times. The watchband must
be fiexible enough to permit thermal growth of the wadges yet restrictive
enough to maintain a compressive hoop stress on the wedge lands. Particular
attention must be paid to the watchband and wedge stresses during the initial
100 seconds of firing. During this time the maximum differeantial thermal
expansion between the wedge lands and the watchband occurs. Maximum differ-
ential thermal expansion is coincident with maximum stresses in the wedges

and maximum stress in the watchband.

1. Metnod of Analysis

Watchband

The design of the flexible watchband housing permits the housing loads to be
carried in bending rather than in hoop. The watchband consists of a number
of rows of tapered, interconnected cantilever beams circumferentially stacked
to form a flexible cylindrical shell. The beams have a taper ratio (root
width te tip ﬁidth) of 2.75. This taper ratio, applied to a beam of constant
(watchband) thickness, results in a tip deflection twice tha of a non-
tapered beam. This results in a beam of optimum design having constant

stress throughout the material.

The equations for determining the watchband stress level and deflection are
modified to account for the physical differences between the theoretical
model and the actual beam. These adjustments include the effect of the
longitudinal stringers upon the length of the beam and the distortion of the
beam root width from setting the tapered beam at an angle with respect to the
longitudinal axis. The correction factor used irn this analysis was based on

the results of the watchband tensile test for t“e 5.5 inch 0.D. WLR-21
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engine program. A tensile test of the new watchband design was conducted and
indicated that the correction factor was not required. The censile test data
and the changes that were made are discussed in Section II-D.

Initial sizing of the watchband was made by hand calculations based on
thermal growth through the throat section and through the chamber section of
the engine st thz end of a long duration firing. The configuration was then
checked at room temperature couditions to insure adequate preload at instal-
lation. This simplified ring analysis assumes average land stresses, and
internal deformation in the land only. Axial compatibility is negl.cted due
to added complexity. Ar equivaient modulus of elasticity for the watchband
is used based on the comparable behavior of a solid shell of equal thickness.
The equivalent watchband modulus is required as input data for the analysis
of the pyrolytic graphitz wedges.

Pyrolytic Graphite Wedges

A computer program (Log 918-927) which determines hoop and tending stresses
throughout the engine for any particular inst.nt of time is used for tne
structural analysis of the pyrolytic graphite wedges. Deflections and

interface pressures are also computed.

Basically, the analysis is made in two parts. The first part is a ring
aralysis which assuaes the engine divided into axial sectors (maximum of
seven) with eack sector composed of a series of concentric longitudinally cut
rings surrounding the wedge and land ring witn a watchband completing the
assembly. The geometry and temperature of each element is then defined. The
interaction analysis between the radial elements includes the effect of the
watchband interference fit and the anisotropic properties of pyrolytic
grapnite. Since each sector is subject to different thermal gradients,
compatibility of deflection in the axial direction is necessary. Hence, the
second part of the analysis is a longitudinal bending analysis which insures
axial compatibility. The final stresses, deflections and interface pressures

are solved for the combined ring and bending analysis.
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2. Design Criteria

Design criteria for the -vatchband are based on previous experience and are

ligted below:

Limit the watchband stress level to below 120,000 psi based on the

use of Rene' 41 material.

Provide a constant interference fit between the watchband and wedges

along the entire length of the engine at installation.

Provide watchband support over the full length of the wedges consistent
with minimum watchband overhang.

Attempt to maintain a constant thickness watchband.

The design criteria for the pyrolytic graphite wedges is similarly based on
previous experience with the WLR-21 rig engine. These requirements are as

follows:

Provide Compressive hoop stress at the inner and outer surfaces of the

land throughout engine firing.

Do not exceed approximately 17,000 psi combined tensile bending stresses
in the axial direction at the outer surface of the land.

Maintain uniform stress levels along the length of the wedge land, in
both hoop and bendirg.

Maintain uniform watchband deflections along the length of the engine.
Minimize throat area change by providing adequate restraint.

3. Analytic Results

The results of the analyses conducted for the final watchband and wedge

configurations are presented in both tabular and graphical form. The data
covers conditions from startup to the end of a 500 second firing. Computa-
tions were made at C, 50, 100, 400, 500 and 600 seconds (end of firing plus
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100 seconds of soak). Watchband design thickness was constant at 0.265
inches and the wedge land height was constant at J.11 inches. Radial inter-

ference fits of .010, .01l and .012 inches were included in these analyses.

Tables III through V tabulate the hoop stresses at the inner and outer surfaces
of the wedge land as a function of time and interference fit. The location
of the various section. is defined in Figure 39. Uniformity of stress levels
at each increment of time is readily apparent. The maximum compressive hoop
stress occurs at approximately 100 seconds at Section U and ranges from

16,760 psi to 17,790 psi for the variations of interference fits. At the

end of firing (500 seconds) the range of compressive hoop stress =z2c¢ the inner
surface of the throat is from 480 psi to 2080 psi. After 100 seconds of

soak, the hoop stress at the inner surface of the throat is in tension
ranging from 1740 psi to 115 psi. Hence, the throat will remain closed
during firing but will tend to open slightiy at the land I.D. after engine
shutdown. This is not considered significant since much of the surface

of the land at the throat will remain in compression thereby wmaintaining

the seal across the wedge lanag. The engine test will confirm this assumption.

Tables VI through VIII are of particula: importance since they define the com-
bined axial tensile bending stresses at the outer surface of the land.
Experience has indicated that 16,000 - 17,000 psi should be considered as the
maximum allowable tensile stress. Bend tests of the pyrolytic graphite
plates are made during the fabrication process to insure the material is well
above this value. Maximum bending stress occurs at Section E at 100 seconds
for each interferemce fit cousidered. The peak values are 16,150 psi at

.010 in. interference, 16,680 psi at .0ll in. interference and 17,220 psi at
.C12 in. interference. The design was set to .01l in. maximum radial inter-

ference.

Watchband bending stresses as a function of time and interference fit is
presented in Table IX and graphically in Figure 40. Data is given for the
throat and a typical chamber section. Stresses at other sections would be of
the same order of magnitude. The stress level is maximum for the throat

section at 50 seconds of firing. At .0ll in. interference the stress is
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100,000 psi resulting in a margin of safety of 207.. The margins of safety
at all other times are higher. As expected, the watchband stresses increase
with interference fit, running about 2000 - 4000 psi higher per .00l inch

additional interference.

Tables X through XI1 show the uniformity of deflection of the watchband from
section to section as a function of time. Maximum deviatiorn from section to
section appears to be about .001 inch. However, the deviation at the

ma jority of adjacent sections is less than .0005 inch. There ar- zo sharp

discontinuities of deflection in the engine.

Figure 41 shows in graphical form the change in the engine throat area with
respect to time. The throat area increases about 7.4% at 500 seconds due to

thermal expansion.

Two other significant illustrations are Figure 42 which defines the weight of
the watchband as a function of its thickness,and Figure 43 which defines the
flight engine envelope as a function of watchband thickness. For the design
thickness of 0.265 inch the watchband weight is 3.43 1lbs, and che engine OD
is 4.275 in. An improved radial insulator design would considerably reduce
the watchband thickness and weight.

Due to the range of temperatures predicted for the watchband (up to 1500°F)
by the thermal analysis, it was necessary to select a material having high
temperature capability. The material chos2n for the watchband is forged
Rene' 41 heat treated and aged to Rockwell €36 minimum hardness and 130,000
psi 0.27, offset yield strength at room temperature. Other watchband ma-
terials such as maraging steel and titanium were considered but were rejected
at this time due to the high temperature requirements. While both of these
materials have strength-to-weight ratios greater than Rene' 41 at moderate
temperatures, both have upper temperature limitations of about 8C0°F. ‘the use
of an improved radial insulator would reduce the watchband temperature ard
permit use of a material other than Rene' 41. This would result in a reduced
watchband thickness and weight. Improved insulation development is not,

however, within the scope of this program.
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Numerous computar runs were conducted prior to the selection of the ©,.265 in.
watchband design thickness. Thicknesses ranging from 0.180 inches to 0.400
inches were investigated. Stepped thickness and interference fits from 0.008
to 0.012 inches were also included. The final solution {8 th:> result of 44

computer runs. Of these, 18 runs were for the finzl design at six instances

of time and three interference fits each. Of the rexz2ining 26 runs, 10 were

to determine the effect of intevference fit and 16 runs to establish the

watchband thickness and beam angle. These computer runs included conditions

at installation and at elevated temperature.

In o-der to minimize the watchband overhang, it is desirable to have -~ large

a beam angle as possible consistent with all other wedge and watchband re-

quirements. Beam angles ranging from 25° to 41° were investigated. The

final design incorporates a bezam angle of 32°30' at a pitch of 0.43 inches.

The positioning of the watchband with respect to the wedges is shown in

Figure 44 which shcws that the wedges are fully supported for almost their

entire length.

4. Summary

The €ollcwing items summarize the results of the watchband and the pyrolytic

graphite wedge analyses for the WLR-23 rig engine:

The WLR-23 rig engine should oper.te for a continuous firing of 500

seconds provided the measured wat:nband temperaiure is within 15% of the

theoretical watchband temperaturc throughout the run.

The rig engine should be built with a watchband radial interference of

0.010 - 0.011 inches.

Peak watchband stresses occur at about 50 seconds of firing, reaching a

level of 100,000 psi over the throat section.

Peak compressive hoop stress and tensile bending stress in the wedges
occur at about 100 seconds, reaching a level of 14,560 psi and 16,670

psi respectively at the convergent section of the throat.
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The maximum radial deflection of the watchband should not exceed 0.025

inches st 590 seconds.

The theoretical throat area increase is 7.47 after 500 seconds.

Note that some of these results have been modified, based on the watchband
tenrile specimen test. The revisions in configuration and minor changes in

stress level are discussed in the following section, II-D.
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II. DISCUSSION

D. Watchband Tensile Speciwen

A watchband tensile specimen, Figure &5, was fabricated tc t:st a sample
section of the watchband beam configuration. This test was m:#de t¢ determine
the actual spring rate of the watchbard d2sign, compare it wi:n the analytical
prediction, and then determine the design ad justmeuts nceded to obtain the
desired loading. Finel machining (0D and ID) of the watchband was delayed

until the results of this procedure were known.

The tensile specimen test configuration is sho.m in Figure 46, The load-
deflection curve obtained from the test data and the analytical pr {ction
are given in Figure 47. As discussed in the previous section (II-C), the
analysis included a correction rfactor for the effective length of the beav,
and beam root distortions. From the :test results it appears that only minor

corrections were required and actually could have becen disregarded.

‘nvestigation was made to determine means of modifying the design to ob-~
tain the .2quired loading schedule withian th2 dimensions of the partially
fabricated watchband. The watchband was complete except for fine> griading
of the inside and cutside diameters with approximately .040 inch excess

stock on each of these surfaces=.

Hand calculations and some preliminary computer runs indicated that a watch-
band with red .ced stiffness would be satisfactory if the initial interfer-
ence fit were increased. 1In addition, the thickness of the part could be
increased within *he limits of the available material te gain scne increase
of stitii::ss over the test results. Thus, the nom’~al radial inter’ .--n..e
fit was increased from 0.0li inches to 0.025 inches, and the wall thickness

was increased from 0.265 inches to 0.290 in~hes.

Structural analyses of this configuration were made and the results are
summarized in Figure 48 and in Tables XIII through XVI., Figure 48 presents a
plot ¢f watchband stresses at the throat and chamber sections as a “unction
of run time. The maximi .a stress, which occurs zt 50 seconds, is increased

by approximately 97 over the original design vut is still well within the

limitations of the nm._terial.
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Tables XIII and XIV show che hoop stress, and combined bending stress in the
wedge land. The higher irterference fit results in an improved overall
stress picture. The installation stresses are somewhat higher; however, the
maxirum st-ess at 100 seconds is now lower. At 590 seconds the slightly
higher stress improves the land loading condition in the throat; after 100
seconds of scax the throat inner land surface is still closed. 1In the

origiral design it was in slight tension.

Table XV shows no appreciable change fron the original analysis of the
watchband radial deflection history as measured from the installed position.
The radial installation stre“ch is increased from abour .007 to .02C inches.

No appreciable throat area variation nccurs between the initial and final
desigrn;. Table XVI shows the theoretical percent throat area change. At 50
seconcs the change increased from 2.2 pc-cent in the original design to 2.8
percent. At 500 seconds it increaced from 7.32 percent to 7.8 percent.

In summary, the watchband design revisions provide a ccwplietely satisfactory
configuration which in some >espects is an inprovement over the original

design.
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II. DISCUSSION

E. Rig Engine Fabricaticn

Fabrication of all parts required for the initial rig engire build is well
underway and somewhat ah2ad of schedule. The current status of fabrication
should allow the initial test to start during the first week in April 1966.

The manufacture of pertinent rig engin. parts is discussed in the following
paragraphs.

Pyrolytic graphite plates for the wedges were purchased to WAD Specification
5839 (Appeadix I). The material was subjected to the quality control and
fabrication procedure outlined in Figure 49. Visual inspection was made for
surface flaws and gross Celaminations. Nodules were measured for conformance

to the specification requirements.

A template made to the shape of the detail wedge was positioned on each plate

to establish an optimum location which had no large nodules in the wedge land.
A flexure test specimen was sectioned from each plate as shown in Figufe S0 to
insure that the structural properties of each plate were satisfactory. A
schematic of the flexure test configuration is shown in Figures 51 and 52.
Testing was performed on an Instron Tensile machine using a cross heac move-
ment rate of 0.02 inches/minute. The test results for wedges to be used in

the first engine build are tabulated in Table XVII and are well above the stress

levels that are predicted during test.

The rough wedge outlire was cut from each nlate and the angles on the sides
were rough milled learing .006 inch excess stock on each side. One side of
the wedge was finish ground. Positioning oa this ground side, the undercut
that forms the land was then milled on the opposite side using a Hydrotel
machine. The land surface on the relieved side of the wedge was then finish
ground completing the wedge detail as shown in Figure 53. Prior to assembly
the wedges were inspected for delamination and/or surface flaws by a dye
penetrant (Zyglo - post emulsification) process in accordance with specifi-

cations AMS2645 and AMS3156.
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The eighteen wedges that form the chamber were assembled and rctained by a
split sleeve tool as showr in Figure 54, The ends were ground to establish
overall length and a chamfer was machined on both ends. These chamfers
provided a surface upon which end clamping discs rode while holdirg the

assembly during finish grinding o€ the outside diameter.

With the outside diameter finished machined, the PG cylinder segments and
the sheaths will be placed around the wedge assembly. The watchband will
then be expanded over the wedge assembly by use of a tapered plug. The
wedge asscmbly inner diameter will be ground to produce the proper contour.
The wedge assembly, PG inlet and exit washers, Belleville springs, the
shoe, and the exit flange will then be assembled into the housing.

The Bellev_lle springs, were fabricated from 0.233 inch Rene' 41 sheet ma-
terial. The springs were treepaned from the sheet and machined to size.
After machining, the springs were heat treated in stacks of fcur to produce
the final spring assembly. The springs were aged at 14C0°F + 15°F for 16
hours and air cooled. After aging, the springs were inspected for the mini-

mum desired hardness of Rc 36.

A Rene' 41 forging was purchased for the watchband and turned on both the
outer and inner diameters leaving .050 inch excess stock on each surface.
This cylinder was then aged at 1400° + 15°F for 16 hours and air cooled.
After aging the cylinder was checked for hardness and a reading of Rb 38 was
obtained. This value is within the drawing requirements. The watchband
slots are being produced by an elox method. Electrodes, fabricated from
graphite to the shape of the slot, are arranged in banks of fifteen and are

used to burn the slots in the cyiinder.
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Ii. DISCUSSION

F. 1Injector Development

The WLR-23 injector has to pass the necessary propellant weight flow to
produce 100 lbs. of thrust at a pressure drop consistent with a feed pressure

target of 195 + 5 psia.

An in-house program was initisted prior to receipt of contract to upgrade the
WLR-21 injector from 85 ¢35 . 100 1b. thrust level. In addition, to further
insure good distribuiisa . -2 <he standpoint of chamber durability) the
total number of ports was increased from 8 to 16. Heavy duty injectors with
manifolding requizing long fill times, were used. This prograr p-ocuced an
injector configuravion shown in Figure 9, having good stabi'icy character-
istics (reference Figures 12 and 13). However, the fuel fe~d pressure

schedule was somewhat above the desired value, as shown in Table XVIII.

Two low fill tir.. injectors having a calculated response time (signal to 90%
thrust) of SOms have been designed, Figure 7, and fabricated for use with the

WLR-23 rig engine.

One of these injectors, (ES 156903N1l) incorporates orifices sized to produce
pressure drops of 40 psi for the oxicizer and 78 psi for the fuel. This
injector is similar to that run during the copper engine tests (except for
reauced manifold volume to reduce fill time and response time) and should
produce fully stable combustion. However, the fuel feed pressure requirement
woulu be approximately 30 psi over target. A variation of this design
(ES156903N2) reduces the fuel orifice pressure drop to meet the target feed

pressure.

Both of these injector deaigns nave been fabricated. The cold flow calibration
curves of the injector inserts are shown in Figures 55 and 56. The low pressure
drop injector orifice calibration indicates that design flew is attained at

40 psi pressure drop for both propellants. This preesure drop is lower

than design values and is thought to be due to a slightly rounded orifice

entry which resulted in a mean coefficient of discharge of 0.91 for the oxi-
dizer and 0.95 for the fuel orificea. The discharge coefficient used in

29

WRIGHT AERONAUTICAL DIVISION * CURTISS-WRIGHT CORPORATION * WOOD-RIDGE. N. J.. U.

A



design of the orifices was 0.85. The spread in orifice-to-orifice calibration
is satisfactcery and no attempt was made to change the pressure drops to match

the design conditions.

The higher pressure drop injector calibration, Figure 56, shows that the
oxidizer weight flow is obtained at 37 psia pressure drop and fuel weight-
flow at 80 psi pressure drop. These values are clos: to the design estimates.
The spread in flow brtween orifices is also quite satisfactory.

Both of these injectors will be tested early in the second quarter to deter-
mine which will be used for the ACE rig engine test series.
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III. PLANNED FUTURE ACTIVITY

The activity planned for the second quarter of the program is outlined in

Figure 1 and is briefly described belsw.

Rig Engine Fabrication

All detail parts for the first rig engine build are available with the ex-
ception of the watchband. Final machining of the watchband is in process

and is scheduled for completion the last week of March. Completion of the
engine assembly is scheduled fer the first week of April.

Evaluation Testing (Rig Engine)

Start of rig engine evaluation testing is now scheduled for early April. A
test plan nas been submitted to NASA for approval. The test series on the
first engine will be complete? during the second quarter.

Flight Configuration Design

Design of the flight configuration will be initiated based on the results of

the first test series on the rig engine.

Injector Develcpment

Evaluation of two injector configurations,designed for use with the rig
engine, will be gompleted by the end of March and one configuration will be
selected. Activity on the integral spray injector will be based on these

results and will be initiated in the second quarter.
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ACPENDIX I

5.

[
SPECIFICATION 5839
CURTISS.WRIGHT  CORPORATION
WRIGHT AERONAUTICAL DIVISION 4 Pages
WOOD-RIDAK, N.J.
T........::z_z-_bl SPICIPICATION OLASSIFICATION
VIS e MATERIAL SPECIFICATION
REVIISP. e |

LR
PREPARLD "-%,‘Fs"' PYROLYTIC GRAPHITE PLATE

ACKNOWLEDGMENT: A vendor shall mention this specification mmber
in all quotations and when acknowledging purchase orders.

FORM: Flat plates.

APPLICATION: Primarily for use in the fabrication =f varicus com-
ponents where anisotropic properties of thermal conducriv<*. snd/or
resistivity are necessary at approximately 5000 F.

MATERIAL: A polycrystalline form of graphite having a high degree of
orientation and purityv. Material shall be produced by the deposition
of carbon from a vapor phase onto a substrate at an elevated temper-
ature.

TECHNICAL, REQUIREMENTS:

5.1 Properties: Unless otherwise specifiei, the material shall conform

to the feollowing requirements:

5.1.1 Density, gper cc at 77 F+ 5 2.18 - 2.20
5.1.2 Decomposition, Tctal Ash, Wgt, % 0.1
5.1.3 Degree of Preferred Orientation, n value Greater than 7

but less then 50
(See Note 1)

-

5.1.4 Flexural Strength, "a'" direction (in the plane, 15,000 (Bee

parallel to surface of deposition), psi, min, Note 2)
at 77 F £ 5

5.1.5 Tensile Strength, ""&" direction {in the plane, 8,000

parallel to swrface of deposition), psi, min,
at 77 F+ 5
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5.1.6 Thermal Expansion (1f determired), "a" Less than 0.00
direction, in./in./dey F. from 100 -
1500 F
5.1.7 Curvature, deflection, max Not to exceed
0.035R ‘See
Note 3)

Note 1. The n value, as determined by x-ray diffraction, is the slope
of log I/Im vs log cos w, where I/Im = cos®w and w is the angle between
the reflection plane and the texture direction.

Note 2. The specimen shall have the same width as its thickness and a
minimum length of 3 inches. It shall be loaded perpendicularly to the
bacal plane.

Note 3. The curvature of all plates sha'l be measured before grinding.
R is the distance from the edge of the plate to the point of maximum
deflection when measured on the concave surface.

6. QUALITY:

6.1 Material shall be uniform in quality and condition, clean,und free
from imperfections detrimental to its performance.

6.2 Conical Growth Defects (Nodules):

6.2.1 Discorntinuously Nucleated: No nodule or cluster of nodules
(nodules touching each other) shall be larger in diameter than
one-half the thickness of the plate for all thicknesses up to
and including 3/8 inch. For plates thicker than 3/8 inech;.mo
nodule shall be larger than 3/16 inch in diameter. There shall
be at least one inch between any two nodules of the largest size
allowed for the thickness of the plate and tnere .shall be not
more than 15 nodules in an area of 25 square inches.

6.2.2 Continuously Nucleated: The material shall be free from nodules.
A microstructural examination shall be nerformed to werffy that
the material is continously nucleated.

6.3 Surface Flaws: The exposed surfaces of the plate shall not have
any cracks when examined visually nor shall the suvfaces be visibly
marked (grooved or gouged) by measuring instruments. Final inspec-
tion for cracks shall be made by a penetrant cs,e check. Plates
having surface flaws shall be rejected.
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6.4 Delaminations: Edges of the plate shall be examined visually tor

7.
7.1

7.2

8.
9.

10.

delaminations parallel to the deposition surface. Final inspection
for delaminations shall be made by a penetrant dye check after
finish machining. Delaminated material shall be rejected.

REPORTS :

Unless otherwise specified, the vendor of the product shall furnish
with each shipment three copies of a report stating that the pro-
duct conforms to the requirements of this specification. This
report shall include the purchase order number, material specifi-
cation number, vendor's material designation, form or part number,
quantity, and process records showing outgassing and furnace
ccoling time, deposition time and temperature, and total cubic

feet and specific type of hydrocarbon gas used for each furmace

lot of material.

Unless otherwise specified, the vendor of finished or semi-
finished parts shall furnish with each shipment three copies of

a report showing the purchase order number, materizl specification
number, contractor or other direct supplier of material, supplier's
material deaignation, part number, and quantity. When material

for making parts is produced or purchased by the parts vendor, that
vendor shall fnspect each lot of material to determine conformance
to the requirements of this specification, and shall include copies
of laboratory reports showing the results of tests to determine
conformance.

IDENTIFICATION: All material shall be clearly marked to show this
specification number, and manufacturer’s name or trademark, or in
some other mammer agreeable to the purchaser.

PACKAGING: Packaging shall be accomplished in such a manner as to
ensure that the p.uduct, during shipment and storage, will be pro-
tected against damage from exposure to weather or any normal hszard.

APPROVAL :

10.1 To assure adequate performance characteristics, material shall

be approved by purchaser before material fo. production use is

supplied, unless such approval be waived. Results of tests on

production waterial shall be essentially equivalent to those on
the approvec sample.
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10.2 Vendor shall use the same ingredients and manufacturing processes
for production material as for approval sample material. If
necessary to make any change in ingredients or processing which
could affect any characteristics of the material, vendor snall
declare such change to the purchaser.

11. ACCEPTANCE: Material not conforming to this specification or to
authorized modifications will be subject to rejection.

Approved _&@ﬂnd:_-l' W Signed W&z&.
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WLR23 WATCHBAND STRESS - TIME HISTORY
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WLR23 THEORETICAL THROAT AREA HISTORY
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WLR23 RIG ENGINE
Weight of Constant Thickness Watchband

14 Beams Per Row 16 Rows of Beams 3
Material -~ Rene 41 Density = .298 1bs/in
6 I
S
iy 4
el
-l
. WLR23
o Design Point
£
X
Q 3
=
o
e
o
L0
=
(9]
4
32 2
1
0
0 0.10 0.20 0.30 0.40
Watchband Thickness -~ inches
18-807 Figure 42

WRIGHT AERONAUTICAL DIVISION ¢ CURTISS-WRIGHT CORPORATION - WOOD-RIDGCE.

N.

J.

u

S.



WLR23 FLIGHT ENGINE O.D. ENVELOPE vs
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WLR23 WATCHBAND OVERHANG
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WLR23 WATCHBAND STRESS - TIME HISTORY
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FLEXTURE TEST SPECIMEN LCCATION
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FLEXURE TEST CONFIGURATION
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INJECTOR CALIBRATON USING NORMAL HEPTANE
Sixteen Port Swirl Cup Injector (ES156903N-1)
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ILNJECTOR CALIBRATION USING NORMAL HEPTANE
Sixteen Part Swirlcup Injector (ES126903N-2)

Figure 56
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Test No. 23-1
Test Date 1/10/66

Duration 65 Seconds

8 Seconds 60 Seconds
N0
205 System

Tank Pressure-psig 318.3 316.0

Engine Fred Pressure-psig 194.2 193.5

Flow-1bs/sec. 0.2130 0.2096
MMH System

Tank Eressure-psig 271.9 269.5

Engine Feed Pressure-psig 200 198.6

Flow-1bs/sec. 0.1049 0.1033
MMH Spray Cooling System

Tank Pressure-psig 618.4 619.8

* Orifice Upstream Pressure-psig 613.8 614.6
* Orifice Downstream Pressure-psig 149.0 155.0

Flow-lbs/secc. .C261 .0260
Swirl Cup Pressure-psia 111.0 111.3
Combustion Chamber Pressure-psia 105.4 105.7
Swirl Cup Pressure Ratio-PQc/P, 1.042 1.052
Total Propellant Weight Flow-lbs/sec. 0.3440 0.3389
Oxidizer/Fuel Ratio 1.622 1.618
c* 5390 5480
S (A 94.6 96.4

* Calibrated fuel spray line orifice.

Table I

WRIGHT AERONAUTICAL DIVISION ¢ CURTISS-WRIGHT CORPGCRATION ¢ WOOD-RIDGE. N. J.. U.S. A.



Test No. 23-2
Test Date 1/11/66

Duration 32 Seconds

10 Seconds 27 Seconds

Nzo4 System
Tank Pressure-psig 308.2 308.2
Engine Feed Pressure-psig 186.9 183,1
Flow-1lbs/sec 0.2120 0.2098
MMH System
Tank Pressure-psig 266.0 265.2
Engine Feed Pressure-psig 194.1 192.6
Flow-1bs/sec .1054 .1054
Swirl Cup Pressure-psia 103.2 102.3
Combustion Chamber Pressure-psia 97.8 96.9
Swirl Cup Pressure Ratio - PscIPc 1.¢5 1.06
Y
Total Propellaat Weight Fiow-lbs/sec .3174 .3152.
Oxidizer/Fuel ratio 2.011 1.991
C* 5401 5389
C* q' % 95.0 94.6

Table II

WRIGHT AERONAUT CAL DIVISION ® CURTISS-WRIGHT CORPORATION * WOOD-RIDGE. N J.. U. S A,



*18d uy Pamv seniEA 11V

0Z#11-/0L26- I6%ET- /06211~ 0Z6€1-/09811- 01€51-/05471- 08S€1-/0SZET - 0€SS-/0%€9-
098€-/0%L1+ 0%29-/08%- oyzL-/0c81- 0€8ET-/09%11~ 0S1%1-/090€1~ 0508-/0€001-
0%£6-/0099- 09921-/0.86- 00€€1-/0L901- 09€91-/06151- 09151-/009%1- 0129-/002¢-
0£801-/0668~ o11¥1-/00221- 0z9%1-/0€821- 09£91-/08651- 0%2S1-/088%1- ovLS-/0%%9-
0f£01-/0%06- 0L621-/09Z11- 00S€1-/00611- 0%951- /00051~ 090%1r /S18€1- 0SLS- /05D~
08€01-/0996- 0%S11-/0%86- 060Z1-/01501- 096€1-/06€€T~- 065Z1-/0%%21- 0185-/09%9-
0Z€01-/0€98- 05£01-/0216- 0L211-/08L6- O1L£1-/0SL6- 0£yZ1-/09¢€T1- 06L5-/0%9-
(qeos)
*395 009 " 995 00§ " 998 00% *988 001 '995 0¢ '998 0

(uoisual » snid uojssvaduo) = ANUTK)
§59238 pu¥] 293nQ/$9V13§ puw] Iduul

Table III

U.s.

J..

WOOD-RIDGE. N.

CURTISS-WRIGHT CORPORATION -

174 9d5u9I9jaeaul ‘ul 010°
S53UL8 dOOH QGNV1 3D0AAM €T-Y'M

WRIGHT AERONAUTICAL DIVISION



‘30d uy @aw sen{wp 11V

05811-/09L6-

(0S%-/0€6+
0£86-/0L1L-
Ov . 11-/06%6~
08111-/0Es6-
0£801-/0L16-

0LL01-/0E16~

(%vos)
998 009

0Z6€1-/08L11~

0.89-/0821-
o€1€1-/0Z%01~
ovS®1-/06921~
o1%€1-/05L11-
06611-/0S€01~

01211-/0£96-

‘998 O

0Z6€1-/08€T1~

068.-/0%92~
08LE1~-/0%C11-
090$1-/0ZE€1~
0%6£1-/00%21~
0ssZi-/0Z011~

o%{11-/0LT01~

‘oeg 00%

0T851-/05051~
065%1-/024%21~
0€L91-/09851-
oLeL1-/09¢91~
09191-/08551~
005%1-/000%1~

0sTH1-/0€8¢E 1~

*998 001

0CT¥1-/088¢ 1~
096%1-/080%1-
OLLST-/01E8T~
06L51-/00651~
0Z9%1-/071-
0L1€1-/080€1~

010€1-/000€1 -

‘998 0§

(uoysudl =« snid uoysevadwo) = INUIK)
499138 puwq] a9InQp/#esaig puw] asuul

314 ®ouP193aVIUY ‘Ul 110°
SSAULS dOUH ANV1 ADUEAM £ZT-WIM

0119-/010L-
0Z68-/01111~
0L89-/0L6L-
0S£9-/0€1L-
0$€9~/090..-
0€%9-/0%1L-

01%9-/071L-

*99§ 0

Table 1V

. U. s

CURTISS-WRIGHT CORPORATION ¢ WOOD-RIDGE. N. J

SNAUTICAL DIVISION

WRIGHT A



*y8d uy sae senyep 11V

0LeZ1-/0S201-

0S16-/S11+

0zeol-/0SLL-

09L11-/0666"

0Z911-/0€001~

08211-/0L96"

0tZ11-/0%96-

(Wvos)
‘098 009

o%en1-/0L221~

016L-/0802-

009€1-/04601~

0L6%1~/0L1€1~

0$8€1-/0€221~

0s%Z1-/0$801~

09911-/0¢€101~

‘998 00§

06L%1-/05821~-

0%S8-/0S%e~

0LT%1/00811~

005§1-/018€1~

06£%1-/00621-

S1o0e1-/0%$11-

002T1-/0%L01~

‘998 00%

0%€91-/0%951~

0s€ST1-/0LE€1-

00SL1~/02591~

064L1-/0%1L1-

01991-/09191-

0%0S1-/009%1-

06L91-/0E9Y1~

‘98§ 001

089%1-/015%1-

09.51-/06081~

0BE91~-/0€091-

0%291-/02191-

0L151-/09051~

O%LE1-/0ELET

08S€1-/0%9€1~

‘o088 0§

(uojsuel « snid uojeseaduc) = SNUIKW)
80138 pusq] 193nQ/8FRIIg pPUE] JeUUT

314 ®duelejavIuy °‘ul Z10°
SSMUL8 dOOH ANV FOAAM €T-YTIM

0699-/089L-

08L6-/56121-

0zSL-/0%8L-

0$69-/018L-

0969-/0%LL-

0%0L-/0t8L-

ozoL-/018L-

*298 0

NOILCES

Table V

5.

J..

N.

WOOD-RIDGE,

CURTISS-WRIGHT CORPORATION °

WRIGHT AERONAUTICAL DIVISION



669¢1
0179
0,601
08¢01
0066
Ge10t

18d 00Z01

(deos)
*238 009

68941
0£98

09¢¢1
oZeéc1
o1611
06€11

18d ¢£901

‘938 00S

020s1

o796

0681
SLYET
00se1
0L611

18d O1211

‘098 00%

S09ST 095€1
irdaal 01141
05191 05941
01851 08€%1
08051 0€LET
oceyl 00621

18d 0%8E1 18d 66621

* 99§ 001 " 295 0§

314 @d2uaaazasjul ‘ul 010°
JOVAUNS ANVT ¥AINO ADAAM 1V
SASSAYULS ONIANAS FTISNAL GANIEWOD £Z-¥1M

011¢
s0TL
0€8s
088¢S
0565
0s8S

18d 0186

* 238 0

NO11DdS

Teble VI

U s.

J..

WOOD-RIDGE. N.

CURTISS-WRIGHT CORPORATION

WRIGHT AERONAUTICAL DIVISION



060€1
.69

02011
07801
0L£01
06501

18d 05901

(dvog)
*298 009

08061
0615

008¢€1
0LEtET
$TAXA!
0s811

18d oy111

‘995 006

YA LK
7001
ovE Y1
0t6£1
04621
VA TA

18d 08911

* 098 00Y

€8091
00151
08991
0%€9T
0€9ST
0LLYT

1e8d 8¢yl

‘938 001

0L0%71
st81
022s1
0s6%1
0zen
06%t1

18d 0L1€1

‘99§ 0¢

374 ®dusa93a’iul ‘ul 110°
dO0VANNE ANVT ¥ALN0 AOA4M 1V
SASSAULS ONIGNAYE ATISNAL QANIAWOD €Z-WIM

0%9S
086L
05%9
0159
0L99
SLY9

J8d ogH9

*99§ 0

NOILOas

Table VII

U. S A,

WCOD-RIDGE. N. J.

CURTISS-WRIGHT CORPORATION

WRIGHT AERONAUTICAL DIVISION



0L%vel
0s¢s/.

oirit
06211
0%801
05011

T8d GZTT11

(1e08)
*998 009

S9%ST
09.6

oveHl
0c8tl
se8el
01€21

18d 06S11

'938 00§

S1161
66501
008%1
06€%1
o791
60621

18d gg121

*295 00Y

65591 SLSHT
08461 0SSS1
0zeL1 06451
08891 0ZSS1
08191 006%1
01€51 090%1
¥8d GZ6H1 ﬂmm;oenmﬁ
9935 001 "99§ 0%

174 9vuaaaza’sjul ‘ul Z10°
40VaunNs ANV 331010 I5aaM 1v
SASSAV¥LS ONIUNAR ATISNAL QANIGWOD €Z-U1IM

SLT19
0s.8
090.
0tiL
00cL
060L

18d 640/

298 0

NOILOAsS

Table VIIX

u.

J..

WOOD-RIDGE. N.

CURTISS-WRIGHT CORPORATION o

WRIGHT AERONAUTICAL DIVISI'ON



00€‘s9
000°SL

00Z°'6L

008 ‘%6
00568

18d 00€' LS

12quey)

‘uyl Z1o°

n0L‘ZY
00L°09

008°s9

000°101
005°Z01

18d 008°L9

;3voauL
= ¥

001°€9
008°Z¢

00S°‘LL

00%°26
000°.8

19d 009°zS

19quRyy

‘U1 110°

(1y ,9veY) 918L AVM :1v1aeawy

00L‘6¢
005 ‘LS

005 ‘€9

009°86
000°001

19d 006°29

Ivoayy

ta

00%°19
001°1L

0oe‘se

00€ ‘06
00L‘%8

¥9d 006°LY

Jaquwyp
‘ul 010" =

53563915 UNVEHOLVM

€C-U1IN

ooe‘9e
00%°‘ %S

00%°6$

009°¢6

009‘%6

18d 00%°9¢

¥

avoayy

k|

f'ul 697 = ‘4'M

000°¢6
000° 001
000°011
000°021
000°0Z1
000°021
000021
18d 000‘021

"S*A
Rl 8

4,0061

4,091

4.,08€1

4,0811

4,088

8,01%

4,621

4,09

*dway
‘d'M

(eos)

00S
00y
out
N T4
001
0s

uoyIvTTEIsSUL

*23g
Juwy]

Table IX

U.S. A

J..

N.

WOOD-RIDGE,

CURTISS-WRIGHT CORPORATION o

WRIGHT AERONAUTICAL DIVISION



0020° +

10C0° +

6020 +

970" +

LECO"+

LeTO° +

720"+

(3z0s)
‘998 009

91¢0° +

12¢0° +

€LC0"+

060" +

€620 +

19¢0° +

8770° +

‘998 006

3934youl uy aae saniep 11V

2020+
9020+
8120° +
£eco°+
eo¢co’ +
#220° +

11207 +

‘995 00OY

374 9°U9223393Ul ‘ul 010°0
NOILIISOd QIATIVISNI WO¥d ATUNSVAW
AYOLSIH NOILOFIJAA TVIAVY ANVEHOLVM TVOILTYOAHL €C-¥1IM

01800° +

$6800° +

81600° +

0L600" +

8¢600° +

L1800° +

6€L00° +

*99§ 001

96€£00° +

10%00° +

G7%00° +

¢9%00° +

20%00" +

%0£00° +

1%¢00° +

*998 0§

*2998 0

90L00° +

%L00° +

#0L00° +

86900° +

9¢900° +

¢2900° +

£€2900° +

HO13Y¥1S

AQATIVISNI

NOILOUS

Table X

L.S. A.

J..

WOOD-RIDGE. N.

CURTISS-WRIGHT CORPORATION

WRIGHT AERONAUTICAL D!'VISION



L610°+

go10°+

9020° +

XAV 4

2eC0° +

820’ +

6CC0° +

(%e0S)
*298 009

£1C0" +

L1c0o"+

6220+

CHio'+

8%¢0°+

9¢¢0° +

IXAA My

' 93§ NOS

g8aynujl uy 3ie sInjep 11V

6610 +
€020 +
%120°+
620"+
1€20° +
0cco°+

L020" +

‘098 00%

334 95u2133323u] ‘Ul 110°0
NOILISOd dITIVLISNI WOdd aAZUNSVIW
A¥0LSIH NOILO4T4dd TVIAVY ANYMHOLVM TVOILAYOAHL €7-d1IM

€LL00° +

81800° +

6.800° +

GC600° +

08800° +

0LL00°+

€6900° +

‘998 001

12£00°+

69€00" +

90%00" +

11%00° +

96£00° +

§6200° +

S6100°+

‘998 0§

*998 ¢

7€L00° +

£6L00° +

0LL00° +

61.00° +

78900° +

64900 +

08900° +

HOLAYLS

AQITIVLSNI

NOILD3S

Table XI

v,

J..

WOOD-RIDGE. N.

CURTISS-WRIGHT CORPORATION

WRIGHT AERONAUTICAL DIVISION



7610° +

7610° +

coco’ -

810"+

82C0° +

8CCO" +

2¢O+

(1eos)
*oa8 009

6020  +

£120° +

GCT0° +

1%20°+

VA TAV R

[AXA VN 4

6120° +

‘998 006

89Youl Ul 91e 8INTBA 11V

G610+

6610°+

0120°+

Gel0" +

92¢0" +

S1C0"+

2020+

*295 00%

1F4 90U2a3Jaa71ul

NOILISOd AFTIVLSNI WOHd qIUNSVIR
JOLSIH NOLILOA'NAAA ‘IVIAVY ANVHHOLVM TVOILAYOdHL €T-¥1M

9€L7:0" +

18200° +

6€800° +

18800° +

££800° 4

£CL00°+

9%900° +

‘988 001

¥8200° +
8€00° +
L9€00" +
SLEDD +
60€00° +
11200°+

6%100°+

"I98 06

‘ul 210°0

*995 0

16800° +

<9800 +

L5800+

08L06C" +

1%.00° +

9¢L00" +

8€L00"+

HOLIYLS

AdTIVLISNI

D

NOILOHS

Table XII

(S

WOOD-RIiDRE

CURTISS-WRIGHT CORPORATION -

WRIGHT AERONAUTICAL DIVISION



$Z2y1
$1(8
00121
00111
0v¢0t
0y$01
1sd 08901

(neos)
"33 (0°

07951 €8551 0€8LT 091
<886 1A L2 -00TH1 08101
08L€1 005861 0091 ogee
0LE21 0LL Y1 096€1T 0.88
c82Z11 09Z41 0TLET 0.26
59€T1 SLOHT 00S€1 0.06

ted zGOTT 18d €96€1 18d 06€71 18d 0663

535006 99§ 001 595 0¢ 938 0

L1d AONYAIUZINT °*NT 6z0°
ONYHHOLYM AZSIATY HIIM
JOVIENS ONV] ¥dLN0 3LaaM LY
53537418 ONIANEE FTISNAL QANIGHOD €Z-V1M

0

-

U0}309§

Table XI1I

4

]

W OOD-t IBGE.

CURIISS-\WRIGHYT CCRPORATION

DIVISION

2TIc .

HMT AFSONA

WwWR'



*18d u; 3w au:~¢> 11v

01821-/4,001-

5885~/ 0 0.

0901/ y1a.

0€911-/ g coe

01211-/4, .

0%780T=/ 0 e .

oumoﬁ.\omdm-

(Avos)
*99S 009

114 ) PP 06151~/ 701 OLBET=/(, cc1-
$S0L=/ 1 cq onnmau\oom¢~c omncauxcnnnﬂs
06821/ 0101 0€LST=/ cppr 090S1=/cvpy -
0L8E1-/oe . 00091/ ;e 1. 00181=/ 2, 41w
05921-/ 001 - OE0ST=/ 0yt 0STY1=/0z6c-
09S11-/ \o6- 0LLET-/ 0 prer- 080€1~/ 1 ccr1-
(L4 06L€T-/ 1 ce 081€T=/ ere1-
598 G0C 7398 001 T595 0%

(NOISNZL = $N1Td NOISSAUANOD = SNNTH)

SSAUL, C(NVT YILNO/SSAWLS ANV'T WANNI
LId FONFWHINAINI °NI STO°
ONVEHOLYM QESIATY HIIM

SS3ULE AOOH ANV1 20QAM €7-¥IM

0€6L-/y (.

2L /62901 -

0116=/50501-

Onow-\oonm-

oumm-\ommm-

0L68~/

0%68~/ce6-

998 0O

uoj3o9g

Table X1V

us

CURTISS-WRIGHT CORPORATION ¢ WOQD-RIDGE. N J .

WRIGHT AERONAUTICAL DIVISION



*gayouy

0610°
0610°
0020°
6170°
z€.0°
AR N

6220
(nros)

L~

* 295 009

Uy 31w €INTEA 11V

olzo’
9120°
1€20°
iszo’
9620°
17t0°
%220’

555 00¢

61800°
LL800°
29600’

€010’
£8600°
LE800°
£€L00°

‘99§ 001

8eeoo’
56£00°
1$%00°
L%00°
$6€00°
$9700°
z8100°

998 0§

114 AONTYILYAINI °NI SCO°

o O O o

o o o

998 O

ONVEHOLVM Q3SIAZY HLIM
NOIXLISNd QATIVISNI WOHA dAYNSVEW
AYOLSIH NOIIOFIA3a TVIAVY ONVHHOLVM TVIILIUOAHL €Z-¥IM

£80C0°
geocr”
96020°
£L610°
¢1610°
€0610°

$N610°

§939338
parywIsu]l

U01309%

Table XV

u.s.

J..

WOOD-RIDGE N.

CURTISE-WhIGRT CORDPORATION o

WRiGHT AERONAUTICAL D!VISION



68°9
08°¢
17°9
28°7

v8ury)
waxy

LEBS® 1298° 009
66886° 6$98° 004
£69¢° 7188’ 001
L19¢° L$98° (119
£9%¢° cvee’ JOTIvIIwIeU]
N.un uJ *o98 -~ Tl
voly l33nme}q
Isoayy Ivoayr

L1d BONTuILSAINI °MI SZ0°
GNVEHOLVM QASIAE . HLIM
AMOLEIH VAUV LYOMHI TVOILANORHL €Z-¥1IM

Table XV1

3]

J..

N.

WOOD-RIDGE.

CORPORATION

CURTISS-WRIGHT

WRIGHT AERONAUTICAL 9DIVISION



WLR23 RIG ENGINE S/N 1 - BUILD 1
Wedge Sample Flexure Test Results

Sample Flexure

No. Strength
26,300 psi
2 24,000 psi
3 25,400 psi
4 26,900 psi
5 26,400 psi
6 23,400 psi
7 26,100 psi
8 27,700 psi
9 26,300 psi
10 24,700 psi
11 24,200 psi
12 23,200 psi
13 23,600 psi
14 24,600 psi
15 24,900 psi
16 26,1C0 psi
17 25,700 psi
18 25,900 psi
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